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Abstract This study investigates the acoustic radiation of rectangular Mindlin plates in different
combinations of classical boundary condition. A set of exact close-form sound pressure equations is given
for the first time, using the so-called Mindlin plate theory (a first-order shear deformation theory), for
plates having two opposite edges that are simply supported. The other two edges may be given any
possible combination of free, simply-supported and clamped boundary condition. It is assumed that
mechanical in-plane loading occurs on the plate structure. In order to study the transverse vibration
of moderately thick rectangular plates, the dimensionless equations of motion are derived, based on
the Mindlin plate theory. Structural-acoustic coupling is implemented for vibrating plate models. The
radiation field of a vibrating plate with a specified distribution of velocity on the surface can be computed
using the Rayleigh integral approach. The acoustic pressure distribution of the radiator is analytically
obtained in its far field. Additionally, the influence of six possible combinations of boundary condition,
foundation parameter, loading case, aspect ratio and thickness ratio, on the sound pressure is examined
and discussed in detail.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Many structures of practical concern may be adequately ap-
proximated by a rectangular plate. Its vibro-acoustic character-
istics may well be understood or inferred from studying much
simpler plate problems. As a result, the vibration of an acoustic
radiation from plates with various complications has long been
an important subject in structural dynamics and acoustics.
Themodal parameters ofMindlin platesmay be obtained an-
alytically for simply supported boundary conditions; Numerical
methods are required for complex boundary conditions. Dawe
and Roufaeil [1] used the Rayleigh–Ritz method to calculate
the modal parameters of Mindlin plates with free clamped or
simply supported boundaries (geometric boundary conditions).
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Open access under CC BY-NC-ND license.Hosseini-Hashemi et al. [2] analyzed the free vibration of mod-
erately thick rectangular plates with internal line support by
applying the Rayleigh–Ritz approach. Timoshenko beam func-
tions are used as trial functions.More recent studies have exam-
ined the vibration response of compliantly supported Mindlin
plates [3–7]. The consideration of more general boundary con-
ditions allows the analysis of structures that are more realistic
and similar to actual installations. Hosseini-Hashemi and Ar-
sanjani [8] analyzed the natural frequency of the rectangular
Mindlin plates and Hosseini-Hashemi et al. [9] calculated the
buckling loads of rectangular Mindlin plates having two paral-
lel edges simply supported, and the remaining edge with a free,
simply supported or clamped boundary condition.
The radiation of sounds from rectangular plates has been
investigated by many authors. For a flat plate set in an infinite
baffle, the radiated sound field can be calculated by a Rayleigh
integral approach [10]. Lomas and Hayek [11] developed the
Green function solution for the steady-state vibrations of an
elastically supported rectangular plate coupled to a semi-
infinite acoustic medium. Cremer and Heckl [12] analyzed the
sound radiation of a planar source using the Fourier transform
approach in K -space (wave number space). Williams [13]
proposed a series expansion in ascending power of the wave
number K for the acoustic power radiated from a planar source.
Sound radiation from thin circular and annular disks has been
examined by Lee and Singh [14]with the focus on either flexural
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presented a mathematical expression for sound radiation from
a thin infinite isotropic plate coupled with light and heavy
fluids and subject to multi point excitation. Lin [16,17] studied
the radiation acoustic field of a circular and a rectangular
thin plate radiator in flexural vibration. In his study [17],
the radiator was a rectangular thin plate in flexural vibration
with simply supported boundary conditions; the acoustic
pressure distribution of the radiator in a far acoustic field
was analytically obtained and its near acoustic field was also
numerically computed. Zhou et al. [18] calculated the sound
pressure at far field from a thin infinite plate in contact with a
layered inhomogeneous fluid subject to single point excitation.
Musha [19] presented a new numerical calculation method
based on the Rayleigh integral, which was used to obtain the
instantaneous radiation pattern by using the harmonic wavelet
transform for a rectangular vibrating plate. Lee and Singh [20]
presented two analytical solutions for far field modal sound
pressure radiation from the radial structural modes of a thick
annular disk with free boundaries. Wallace [21] presented an
asymptotic solution for the radiation efficiencies of different
platemodes at low frequencies. It is shown that the total power
radiated from the whole plate is actually bounded by that from
a single intranodal area, when the acoustic wavelength greatly
exceeds structural wavelengths in both directions. The sound
radiation under general boundary conditions is considered by
Gomperts [22] and Berry et al. [23]. Hosseini-Hashemi et al. [24]
andKhorshidi [25] calculated the sound radiation of rectangular
Mindlin plates having two parallel edges simply supported,
and the remaining edge with a free, simply supported or
clamped boundary condition. Arenas et al. [26] analyzed the
sound field of an elliptically shaped transducer in an infinite
baffle. They presented both sound pressure and directivity.
A theoretical expression for sound transmission through a
double panel periodically coupled with vibration insulators
was derived by Legault and Atalla [27]. Abdelhamid et al. [28]
combined physical and subjective approaches to evaluate the
sound quality of impacted plates.
The present work is carried out by providing the exact
acoustical analysis for six cases of a rectangular plate having
two opposite sides simply supported, and the remaining edge
with a free, simply supported or clamped boundary condition.
The six cases considered in this study include S-S-S-S, S-C-S-S,
S-C-S-C, S-S-S-F, S-F-S-F and S-C-S-F rectangularMindlin plates,
as shown in Figure 1. The acoustic pressure distribution of the
radiator in its far field is analytically obtained using a Rayleigh
integral approach. The acoustic pressure distribution of the
radiator is analytically obtained in its far field. Additionally, the
influence of six possible combinations of boundary condition,
foundation parameter, loading case, aspect ratio and thickness
to length ratio on the sound pressure is examined and discussed
in detail.
2. Equations of acoustical radiation field
Consider a flat, isotropic, rectangular Mindlin plate of
uniform thickness, h, length, a, width, b, modulus of elasticity, E,
mass density, ρ, and Poisson ratio, ν, described in the Cartesian
coordinate system (x1, x2, x3), as depicted in Figure 2. Assuming
free harmonic motion, the velocity distribution on the surface
of the plate may be written as [25]:
V˜ (X1, X2, t˜) = jβU˜3(X1, X2)ejβ t˜ , (1)Figure 1: Six combinations of classical boundary conditions.
where X1 = x1/a, X2 = x2/b, and U˜3 = U3/a. Also, j =
√−1 is
the imaginary number, β = ωa2√ρh/D is the dimensionless
frequency parameter, D = Eh3/(12(1 − ν2)) is the flexural
rigidity, ω the circular natural frequency, t˜ = t√D/ρh/a2 is
the dimensionless time and t is the time. Here, we assume
that the rectangular moderately thick plate radiator in flexural
vibration is mounted on a flat rigid baffle of infinite extent.
The coordinates shown in Figure 3 are positioned in the mid-
plane surface of the plate. The acoustic pressure at the field
point P ′(X1p, X2p, X3p) can be obtained by dividing the radiating
surface of the flexural plate into infinitesimal elements (ds =
dX1dX2), where each element acts as a simple baffled source of
strength, having midpoint coordinates (X1s, X2s). The distance
between themidpoint of the infinitesimal elements (ds) and the
observation point (P ′) may be given by:
H˜ =

(X1p − X1s)2 + (X2p − X2s)2 + X23p. (2)
The position of the observation point can also be expressed in
its spherical coordinates:
X1p = r˜ sin(ψ) cos(φ),
X2p = r˜ sin(ψ) sin(φ),
X3p = r˜ cos(ψ), (3)
where r˜ is the distance between the center of the spherical
coordinates and the observation point:
r˜ =

X21p + X22p + X23p. (4)
Based on the theory of a Rayleigh integral [23], the total
dimensionless acoustic pressure is:
P˜ = − K˜ ρ˜0C˜0β
2π
∫ ∫
U˜3
H˜
ej(β t˜−K˜ H˜)dX1dX2, (5)
where P˜ = Pa2ηh/D, K˜ = β/C˜0, ρ˜0 = ρ0/ρ, ρ0, C˜0 =
C0a
√
ρh/D, and C0 are the dimensionless sound pressure,
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wave number, dimensionless density, density of the medium,
dimensionless speed of sound in the medium and speed of
sound in the medium, respectively. The critical distance, D˜c ,
between the near and far fields for a rectangular plate radiator,
as given by Kirkup [25], may be approximated as:
D˜c ≥ 1/λ˜, (6)
where λ˜ = C˜0/f˜ is the dimensionless wave length and
f˜ = β/2π is the dimensionless frequency of the radiated
sound, which is also equal to the resonance frequency of the
rectangular plate in the flexural vibration.
Using the far field approximation, the distance, H˜ , in the
acoustic pressure amplitude can be approximated as r˜ . The
effect of distance on the phase of the acoustic pressure can be
approximately expressed as:
H˜ = r˜ − sin(ψ) cos(φ)X1 − sin(ψ) sin(φ)X2. (7)
Then, Eq. (5) for far acoustic fields leads to:
P˜ = − K˜ ρ˜0C˜0β
2π r˜
ej(β t˜−K˜ r˜)
∫ 0.5
−0.5
∫ 0.5
−0.5
U˜3
× ejK˜(sin(ψ) cos(φ)X1+sin(ψ) sin(φ)X2)dX1dX2. (8)
Substituting the expression of the transverse displacement
distribution into Eq. (8) and separating terms of X1 and X2
variables, we have:
P˜ = − K˜ ρ˜0C˜0β
2π r˜
ej(β t˜−K˜ r˜)A1
∫ 0.5
−0.5
P(X1)dX1
∫ 0.5
−0.5
P(X2)dX2, (9)where A1 is the arbitrary constant, and it is easy to show the
orthogonality relation as [13]:
A1 = 1 0.5
−0.5
 0.5
−0.5

δ2
12 (ψ¯
2
1 + ψ¯22 )+ ψ¯23

dX1dX2
, (10)
and:
ψ˜1 = A1ψ¯1, ψ˜2 = A1ψ¯2, ψ˜3 = A1ψ¯3. (11)
In Eq. (11), ψ˜1 and ψ˜2 are rotations of the transverses
normal about the X1 and X2 axes, respectively, and ψ˜3 is the
dimensionless transverse deflection in which U˜1 = −X3ψ˜1,
U˜2 = −X3ψ˜2 and U˜3 = ψ˜3. The three-dimensionless functions,
ψ˜1, ψ˜2 and ψ˜3, are given by [25]:
ψ˜1 = [A1C1µ sin(λ1(X2 + 0.5))+ A2C1µ cos(λ1(X2 + 0.5))
+ A3C2µ sinh(λ2(X2 + 0.5))
+ A4C2µ cosh(λ2(X2 + 0.5))
− A5ηλ3 cosh(λ3(X2 + 0.5))
− A6ηλ3 sinh(λ3(X2 + 0.5))] cos(µ(X1 + 0.5)), (12)
ψ˜2 = [A1C1ηλ1 cos(λ1(X2 + 0.5))
− A2C1ηλ1 sin(λ1(X2 + 0.5))
+ A3C2ηλ2 cosh(λ2(X2 + 0.5))
+ A4C2ηλ2 sinh(λ2(X2 + 0.5))
− A5µ sinh(λ3(X2 + 0.5))
+ A6µ cosh(λ3(X2 + 0.5))] sin(µ(X1 + 0.5)), (13)
ψ˜3 = [A1 sin(λ1(X2 + 0.5))+ A2 cos(λ1(X2 + 0.5))
+ A3 sinh(λ2(X2 + 0.5))
+ A4 cosh(λ2(X2 + 0.5))] sin(µ(X1 + 0.5)), (14)
where:
C1 = a1µ
2 + a2η2λ21 − a3
α21
, (15)
C2 = a1µ
2 − a2η2λ22 − a3
α22
, (16)
and:
α21 = µ21 + η2λ21, (17)
α22 = µ22 − η2λ22, (18)
µ1 = µ2 = µ = mπ, (19)
λ21 =
−λ+√λ2 − 4α
2
, (20)
λ22 =
λ+√λ2 − 4α
2
, (21)
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2 + a2µ2 − a3 − a5
a2η2
, (22)
α = a1µ
4 − (a3 + a4)µ2 + a6
a2η4
, (23)
a1 = 1+ 1
θ

N˜1 + K˜2

, (24)
a2 = 1+ 1
θ

N˜2 + K˜2

, (25)
a3 = 1
θ

β2 − K˜1

, (26)
a4 = β
2κ2ν1
θ
+

β2κ2ν1
θ2
− 1

N˜1 + K˜2

, (27)
a5 = β
2κ2ν1
θ
+

β2κ2ν1
θ2
− 1

N˜2 + K˜2

, (28)
a6 =

β2κ2ν1
θ2
− 1

β2 − K˜1

, (29)
where ν1 = (1 − ν)/2, ν2 = (1 + ν)/2, κ2 is the shear
correction factor, δ = h/a is the thickness ratio, η = a/b is the
aspect ratio, θ = 12κ2ν1/δ2, K˜1 = K1a4/D is the dimensionless
Winkler foundation stiffness, K˜2 = K2a2/D is the dimensionless
shear interaction foundation stiffness, N˜1 = N1a2/D and N˜2 =
N2a2/D are the dimensionless in-plane edges loads in theX1 and
X2 directions, respectively.
Focusing on arbitrary constants Ai(i = 1, 2, . . . , 6) and
applying boundary conditions at X2 = −0.5 and X2 = 0.5
edges, then presenting them in terms of A1 leads to expressions
of dimensionless displacements for the six combinations of
boundary condition.
Case 1. S-S-S-S:
A2 = A3 = A4 = A5 = A6 = 0, (30)
λ1 = nπ. (31)
Case 2. S-C-S-S:
A2 = A4 = A5 = 0, (32)
A3 = − (sin(λ1)/ sinh(λ2)) A1, (33)
A6 =

(C1 − C2)µ sin(λ1)
(ηλ3 sinh(λ3))

A1. (34)
Case 3. S-C-S-C:
A2 = b1A1, (35)
A3 = −((b1 cos(λ1)− b1 cosh(λ2)
+ sin(λ1))/ sinh(λ2))A1, (36)
A6 = ((C1ηλ1 sinh(λ2)− C2ηλ2(b1 cos(λ1)
− b1 cosh(λ2)+ sin(λ1)))/(µ sinh(λ2)))A1, (37)
A4 = −b1A1, (38)
A5 = (µb1(C1 − C2)/(ηλ3)) A1, (39)
where:
b1 = −(η2λ3(C2λ2 sin(λ1)− C1λ1 sinh(λ2)) sinh(λ3)
+ (C1 − C2)µ2 sin(λ1) sinh(λ2))/(C2η2λ2λ3
× (cos(λ1)− cosh(λ2)) sinh(λ3)
+ (C1 − C2)µ2(cos(λ1)− cosh(λ3)) sinh(λ2)). (40)Case 4. S-S-S-F:
A2 = b2A1, (41)
A3 = −(L1λ1/(L3λ2))A1, (42)
A4 = ((L1λ1 sinh(λ2)/(L3λ2)− b2 cos(λ1)
− sin(λ1))/ cosh(λ2))A1, (43)
A5 = (C2(µ2ν − η2λ22)(L1λ1 sinh(λ2)/(L3λ2)− b2 cos(λ1)− sin(λ1))/ cosh(λ2)
+ b2C1(µ2ν + η2λ21))/(µηλ3(ν − 1))A1, (44)
A6 = 2µηλ1(C1 − C2L1/L3)/(µ2 + η2λ23)A1, (45)
where:
b2 = −R1R2 , (46)
R1 = C2L2(L3λ2 sin(λ1)− L1λ1 sinh(λ2)) cosh(λ3)
+ (C1 − C2)λ2µ2(1− ν)(L3 sin(λ1)
+ 2η2λ1λ3 sinh(λ3)) cosh(λ2), (47)
R2 = L3λ2{C2L2 cos(λ1) cosh(λ3)
+ [(C1 − C2)µ2(1− ν) cos(λ1)
+ C1L4 cosh(λ3)] cosh(λ2)}, (48)
L1 = (C1 − 1− L5)η2λ23 − (C1 + 1+ L5)µ2, (49)
L2 = η2λ22 − νµ2, (50)
L3 = (C2 − 1− L5)η2λ23 − (C2 + 1+ L5)µ2, (51)
L4 = η2λ21 + νµ2, (52)
L5 = (K˜2 + ξ2N˜cr)/θ. (53)
Case 5. S-F-S-F:
A2 = b3A1, (54)
A3 = −(L1λ1/(L3λ2))A1, (55)
A4 = b4A1, (56)
A5 = (C1b3(µ2ν + η2λ21)
+ b4C2(µ2ν − η2λ22))/(µηλ3(ν − 1))A1, (57)
A6 = ηλ1
µ
(C1 − 1− (C2 − 1)L1/L3)A1, (58)
where:
b3 = −R3R4 , (59)
b4 = R5R6 , (60)
R3 = 2(C1 − C2)η2µ2λ1λ2λ3(1− ν)(cos(λ1)
− cosh(λ3)) sinh(λ2)− C2L1L2λ1(cos(λ1)
− cosh(λ2)) sinh(λ3), (61)
R4 = C2L1L2λ1 sin(λ1) sinh(λ3)
− λ2[2(C1 − C2)η2µ2λ1λ3(1− ν) sin(λ1)
+ C1L3L4 sinh(λ3)] sinh(λ2), (62)
R5 = η2λ1λ3(1− ν)[(C2 − 1)L1(cosh(λ2)
− cosh(λ3))+ (C1 − 1)L3(b3 sin(λ1)
− cos(λ1)+ cosh(λ3))] − b3C1L3L4 sinh(λ3), (63)
R6 = L3[(C2 − 1)η2λ2λ3(1− ν) sinh(λ2)
− C2L2 sinh(λ3)]. (64)
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A2 = b5A1, (65)
A3 = −(L1λ1/(L3λ2))A1, (66)
A4 = ((L1λ1 sinh(λ2)/(L3λ2)− b5 cos(λ1)
− sin(λ1))/ cosh(λ2))A1, (67)
A5 = (C2(µ2ν − η2λ22)(L1λ1 sinh(λ2)/(L3λ2)− b5 cos(λ1)− sin(λ1))/ cosh(λ2)
+ b5C1(µ2ν + η2λ21))/(µηλ3(ν − 1))A1, (68)
A6 = ηλ1
µ
(C1 − 1− (C2 − 1)L1/L3)A1, (69)
where:
b5 = −R7R8 , (70)
R7 = C2L2(L3λ2 sin(λ1)− L1λ1 sinh(λ2)) cosh(λ3)
+ (C1 − C2)µ2λ2(1− ν)(L3 sin(λ1)
+ 2η2λ1λ3 sinh(λ3)) cosh(λ2), (71)
R8 = L3λ2[(C1 − C2)µ2(1− ν) cos(λ1) cosh(λ2)
+ (C2L2 cos(λ1)+ C1L4 cosh(λ2)) cosh(λ3)]. (72)
Starting from Eq. (9), it is possible to calculate P˜ for the six
considered cases of different boundary condition.
In particular, for the case of S-S-S-S:
P(X1) = sin(µ(X1 + 0.5))ejK˜(sin(ψ) cos(φ)X1), (73)
P(X2) = sin(λ1(X2 + 0.5))ejK˜(sin(ψ) sin(φ)X2), (74)
and finally:
P1(ψ, φ) =
∫ 0.5
−0.5
P(X1)dX1
= mπ((−1)
m exp[ jK˜ cos(γ1)] − 1)
(K˜ cos(γ1))2 − (mπ)2
exp[−jK˜ cos(γ1)/2], (75)
P2(ψ, φ) =
∫ 0.5
−0.5
P(X2)dX2 = Z1 exp[−jK˜ cos(γ2)/2], (76)
where:
Z1 = (−λ1 + exp[ jK˜ cos(γ2)]{λ1 cos(λ1)
− jK˜ cos(γ2) sin(λ1)})/(K˜ cos(γ2))2 − (λ1)2, (77)
cos(γ1) = sin(ψ) cos(φ), (78)
cos(γ2) = sin(ψ) sin(φ). (79)
Due to the mathematical similarity of the other five cases,
P1(ψ, φ) can be obtained using Eq. (75); however, P2(ψ, φ)
must be recalculated for each type of boundary condition.
For the case of S-C-S-S:
P2(ψ, φ) =
[
Z1 − sin(λ1)sinh(λ2)Z2
]
exp[−jK˜ cos(γ2)/2], (80)
where:
Z2 = (−λ2 + exp[ jK˜ cos(γ2)]{λ2 cosh(λ2)
− jK˜ cos(γ2) sinh(λ2)})/((K˜ cos(γ2))2 + (λ2)2). (81)For the case of S-C-S-C:
P2(ψ, φ) = [Z1 + b1Z3 − Z2((b1 cos(λ1)
− b1 cosh(λ2)+ sin(λ1)))/(sinh(λ2))
− b1Z4] exp[−jK˜ cos(γ2)/2], (82)
where:
Z3 = (K˜ cos(γ2)+ exp[ jK˜ cos(γ2)]{−K˜ cos(γ2) cos(λ1)
+ jλ1 sin(λ1)})/((K˜ cos(γ2))2 − (λ1)2), (83)
Z4 = (jK˜ cos(γ2)+ exp[ jK˜ cos(γ2)]{λ2 sinh(λ2)
− jK˜ cos(γ2) cosh(λ2)})/((K˜ cos(γ2))2 + (λ2)2). (84)
For the case of S-S-S-F:
P2(ψ, φ) = [Z1 + b2Z3 + Z5(L1λ1)/(L3λ2 cosh(λ2))
− Z4((b2 cos(λ1)+ sin(λ1)))/(cosh(λ2))]
× exp[−jK˜ cos(γ2)/2], (85)
where:
Z5 = (λ2(− exp[jK˜ cos(γ2)] + cosh(λ2))
+ jK˜ cos(γ2) sinh(λ2))/((K˜ cos(γ2))2 + (λ2)2). (86)
For the case of S-F-S-F:
P2(ψ, φ) =
[
Z1 + b3Z3 − L1λ1L3λ2 Z2 + b4Z4
]
× exp[−jK˜ cos(γ2)/2]. (87)
For the case of S-C-S-F:
P2(ψ, φ) = [Z1 + b5Z3 + Z5(L1λ1)/(L3λ2 cosh(λ2))
− Z4(b5 cos(λ1)+ sin(λ1))/(cosh(λ2))]
× exp[−jK˜ cos(γ2)/2]. (88)
Therefore, the radiation acoustic pressure of the moderately
thick rectangular plate radiator in flexural vibration in the far
field can be obtained as:
P˜ = − K˜ ρ˜0C˜0β
2π r˜
ej(β t˜−K˜ r˜)A1P1(ψ, φ)P2(ψ, φ). (89)
It is seen that the far field radiation acoustic field of the
rectangular Mindlin plate in flexural vibration depends on both
distance and direction. This means that the radiation acoustic
field is directional. From Eq. (86), it can be seen that the acoustic
pressure distribution depends on geometrical dimensions, the
vibrational order of the plate, and the frequency. This is
somewhat different from the radiation acoustic field of an
oscillating piston in an infinite baffle.
3. Results and discussion
The sound pressure parameter obtained from the exact
characteristic equation presented in this paper has been
expressed in dimensionless form, as P˜ = Pa2ηh/D. All results
presented hereafter are for a rectangular steel plate, having
the following physical constants: ρ = 7800 kg/m3, ν =
0.28 and E = 195 GPa. The media (air) has the following
physical constants: ρ0 = 1.29 kg/m3 and C0 = 340 m/s. The
observation points are placed at (ψ = 0, ϕ = π/4), and the
mode sequence is (m = 1, n = 1).
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D˜c = 8.
Figure 5: Variation of sound pressure versus thickness ratio with D˜c = 3.5 and
η = 1.
3.1. Effect of boundary conditions on sound pressure
Figures 4–10 show sound pressure parameters as a function
of six combinations of boundary condition. From the results
presented in these figures, it is found that the sound pressure
parameter diminishes with a decrease in constraints at the
edges of the plates. Thus, constraints at the edges increase the
flexural rigidity of the plate, resulting in higher sound pressure
parameters. Among all six boundary conditions considered inFigure 6: Variation of sound pressure versus Winkler foundation parameter
with δ = 0.1, K˜2 = 0, η = 1 and D˜c = 5.
Figure 7: Variation of sound pressure versus shear layer foundation parameter
with δ = 0.1, K˜2 = 0, η = 1 and D˜c = 5.
Figure 8: Variation of soundpressure versusmono-axial in-plane loading along
x1-axis with δ = 0.1, N˜2 = 0, η = 1 and D˜c = 5.
Figures 4–10, it can be seen that the lowest and highest values
of sound pressure parameter correspond to the S-F-S-F and
S-C-S-C cases, respectively.
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x2-axis with δ = 0.1, N˜1 = 0, η = 1 and D˜c = 5.
Figure 10: Variation of sound pressure versus biaxial in-plane loading δ = 0.1,
η = 1 and D˜c = 5.
3.2. Effect of aspect ratio on sound pressure
The effect of the aspect ratio on the sound pressure
parameter for rectangular Mindlin plates (δ = 0.1) with
six possible combinations of boundary condition is graphically
investigated in Figure 4. In this figure, the aspect ratio, η, has
values between 0.4 and 2.5 and r˜ = 8. The primary conclusion
inferred from Figure 4 is to increase the sound pressure
parameter, P˜ , with the enhancement of the aspect ratio, η. It
can also be observed that applying higher degrees of constraint
to the edges of the plate leads to an increase in the sound
pressure parameter, P˜ , for any values of the aspect ratio, η. It
is worthwhile mentioning that the sound pressure parameter
for the S-F-S-F rectangular Mindlin plate approaches a constant
value as the aspect ratio value rises. Furthermore, for some
ranges of aspect ratio, the sound pressure parameter increases
for the S-F-S-F rectangular Mindlin plate when compared with
that of the S-C-S-F.
3.3. Effect of thickness ratio on sound pressure
The influence of thickness ratio, δ, on sound pressure param-
eters for square plates (η = 1), with six possible combinationsof boundary condition, is examined in Figure 5. In this figure, the
thickness to length ratio, δ, varies from 0.001 to 0.2. It should be
noted that Figure 5 is plotted for r˜ = 3.5. From the results pre-
sented in Figure 5, it can be observed that, as the thickness ratio,
δ, increases, the sound pressure parameter, P˜ , decreases. This is
because, at a higher thickness ratio, δ, the effect of shear de-
formation and rotary inertia is more considerable. These effects
are also more pronounced in higher modes rather than those in
lower modes. Another conclusion deduced from Figure 5 is that
sound pressure parameter, P˜ , increases when higher degrees of
edge constraint are applied to the edges of the plate.
3.4. Effect of foundation parameters on sound pressure
The results given in Figures 6 and 7 are for different values
of Winkler and Shear layer foundation parameters. The sound
pressure parameters in these figures are illustrated for mod-
erately thick rectangular plates with different combinations of
boundary condition. As shown in Figures 5–7, the sound pres-
sure parameter of the plate in free flexural vibration is maxi-
mum for boundary condition S-C-S-C. One can observe that as
the Winkler K˜1 and Shear layer K˜2 foundation parameters in-
crease, the sound pressure parameter, P˜ , increases. It should
be noted that the effect of Winkler foundation parameters on
sound pressure is more than the effect of the Shear layer foun-
dation on sound pressure.
3.5. Effect of In-plane loading on sound pressure
Finally, the results in Figures 8–10 show the effects of
mono-axial in-plane loading along the x1-axis, mono-axial in-
plane loading along the x2-axis, and biaxial in-plane loading
on the sound pressure parameters, respectively. It is seen from
Figure 8 to 10 that the sound pressure parameter decreases
with increasing the in-plane loading parameters. This is because
increasing the in-plane loading parameters decreases the
flexural rigidity of the plate. This decreasing is uniform for
S-S-S-S, S-C-S-S and S-C-S-C plates.
4. Conclusions
In this work, the Mindlin plate theory was used to
investigate the acoustic radiation behavior of moderately thick
rectangular plates. The exact closed-form sound pressure
equations were derived for six cases having two opposite sides
simply supported. The six cases considered in the present
study include S-S-S-S, S-C-S-S, S-C-S-C, S-S-S-F, S-F-S-F and
S-C-S-F rectangular plates. The main advantages of the exact
analytical solutions presented in this paper can be summarized
as follows:
• The proposed closed-form acoustic radiation equations are
capable of predicting highly accurate sound pressure within
the framework of the Mindlin plate theory. This is because
exact analytical solutions are used to derive and solve the
governing differential equations of motion.
• All results obtained by exact analytical solutions provide
researchers and designers with a reliable source to validate
the numerical results of their own problems.
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